Repressurisation of a hydrocarbon reservoir may occur either as a natural response to subsurface phenomena (for example, aquifer encroachment or fault re-activation) or as a consequence of a particular production strategy. In this paper we examine, for the first time to our knowledge, the pore scale mechanisms underlying the repressurisation of a gas-oil reservoir that has previously been exploited by solution gas drive. Our investigation, triggered by experimental observations in both glass micromodels and cores, utilizes a pore-scale network model: a modelling approach that is nowadays sufficiently mature to facilitate virtual experiments that are rapid, cheap and physically realistic.
Introduction
Repressurisation of partial or entire volumes of a hydrocarbon reservoir may occur for a variety of reasons. Common causes include aquifer encroachment, fault reactivation or well shut-in. In addition, such a process may also be purposefully employed as a recovery mechanism in its own right, whereby the reservoir pressure is deliberately increased to improve oil recovery: this second case normally involves external gas injection and has been referred to in the literature as "repressuring", "gas cycling" or "pressure cycling". This process has long been shown to improve oil recovery (Bell, 1927; Beecher, 1928) . Bell (1927) discussed results of repressurisation case studies in Seal Beach Field, California USA involving external gas injection. One key motivation for repressurising in this field was to maintain a high reservoir pressure, which was required to overcome the pressure head exerted by edge water. Important results presented by Bell include observations of a rapid increase in production during the first few months, which eventually fell to a point still above the pre-repressurisation rate. During subsequent peer review of the work, it was hypothesised that gas re-dissolution in oil was possibly more important for increased recovery during repressurisation than the traditional concept of the pushing effect (i.e. injected gas displacing oil in its flow path). Subsequent analysis of observations from different field repressurisation projects was presented by Beecher (1928) . The focus was on the dependency of the physical properties of oil (i.e. viscosity and surface tension) on the amount of dissolved gas. As pressure decreases, more gas is liberated from solution resulting in an increase in oil viscosity and surface tension. The author also suggested that as a consequence, repressurisation should be started during the early stages of oil production. It was hypothesised that the key benefits of such an approach (i.e. early repressurisation) were that: (1) oil is less viscous and will move with less resistance; and (2) the rock is saturated with oil which will prevent by-passing of gas through drained parts of the rock. Although these early publications clearly highlighted a potential to improve oil recovery through repressurisation, they were restricted to discussing field observations. Pomeroy et al. (1933) derived one of the earliest quantitative relationships between the amounts of gas diffusing across a gas/oil interface and the depth of the oil, time and diffusion constant by conducting some experiments to measure the rate of dissolution of methane in gasoline. Higgins (1954) extended the work of Pomeroy et al. to calculate the degree of supersaturation during depressurisation and undersaturation during repressurisation. They derived a saturation fraction which described the ratio of the quantity of gas in solution to the quantity that would have been in solution if the liquid were completely saturated. Higgins utilised field depletion and repressurisation data to approximate the degree of supersaturation (during depletion) and undersaturation (during repressurisation). It was concluded that field scale supersaturation and undersaturation might be negligible for the specific reservoir under consideration. In the context of heavy oil systems, more recent experimental investigations have also shown promising results (Metwally, 1996; Dong et al., 2006) . The concept behind the work of Dong and coworkers was a restoration of the solution gas drive mechanism. To achieve this, they re-injected an "appropriate" amount of gas into a depleted heavy oil sandpack from Saskatchewan, Canada and then increased the pressure by injecting water until the original pressure was reached. They observed additional recovery due to pressure cycling and concluded that such a process would be best suited for thin (<10m) heavy oil reservoirs. They noticed that the most important step of the procedure was to make recharged gas contact the depleted oil and that such oil needed to be still rich in solution gas for best performance; they also advanced the idea that the displacement mechanisms involved during recovery in pressurized reservoirs were viscosity reduction and volumetric expansion of the gas-oil system.
It is clear how the discussions of the repressurisation process in the literature have been based only on few field and macroscopic observations: a detailed description of the physical processes has not yet been attempted. The objective of this work is therefore to shed light on the pore-scale mechanisms that are responsible for the macroscopic observations discussed above, in particular on what happens in a porous medium that has previously undergone depressurization -with the formation of a gas phase -and which is then subjected to a cycle of repressurisation and secondary depressurisation. This has been achieved in three different stages: 1) experimentation on glass micromodels to visualize the pore scale mechanisms; 2) reservoir rate core-scale experiments; and 3) pore-scale network model simulation studies, carried out in two stages: an initial scoping study used to help guide the choice of some parameters for use in the core experiments, followed by a more detailed and in-depth sensitivity study of various pressure cycling protocols for a large variety of experimental, petrophysical and chemico-physical situations of interest.
Micromodel repressurisation experiments
The first observations on repressurisation of gas-oil systems were conduced in transparent glass micromodels. The details of the micromodel and the experimental set up can be found in and . The bubble point pressure was 671psi. To achieve the increase in pressure in the micromodel, water was injected either from the bottom of the injection line or into the buffer cell -note that water did not enter the micromodel during the course of repressurisation. Tests were conducted both at high rates (240psi/hr for repressurisation and 150psi/hr for secondary depletion) and intermediate rates (2psi/hr for both repressurisation and secondary depletion). Note that these are all higher rates than those characterizing reservoir depletion and repressurisation. The visual observations of repressurisation highlighted the following pore-scale mechanisms (Figure 1 ):
• Piston-like displacement. Oil reimbibes into dangling gas filled pores at the perimeter of the bubble: the bubble shrinks.
• Pore body filling (if at least 2 connected pores contain gas). Oil invades the junction region between two (or more) pores, at the perimeter region of the bubble: since the pore junctions in the micromodel are simply a small connecting region holding minimal fluid volume, the net effect is a tendency for the bubble surface to become fragmented (without yet breaking up) rather than bubble shrinkage.
• Bubble break up. It was noted that pore body filling was the mechanism eventually leading to the breaking up of the gas structures: when the advancing oil-gas interface did completely fill the connecting volume at the junction of several throats then the bubble could break up, depending on its local topology (Figure 1(b) ). No snap off displacements caused by oil layer thickening were observed.
• Mobilization of gas structures at high pressurization rates (viscous effect): if the gas structures were small enough, and depending on the pressurization rate, gas ganglia mobilization was observed. It must be stressed once again, however, that repressurisation rates were higher than what is expected in the reservoir (240psi/hr in Figure 1 (c)).
On a more quantitative level, the micromodel tests highlighted a strong dependency of the process on the rate of repressursation and the initial gas saturation (pressure at which depressurization was stopped): these two factors were seen to be responsible for the quantity and size of dispersed bubbles in the micromodel.
A second depressurization (after repressurisation) was carried out to evaluate the benefits on oil recovery. It was found that when a large population of small bubbles was created at the end of repressursation, a second depletion cycle would bring higher recovery by virtue of a higher critical gas saturation (a delayed gas breakthrough). 
Macroscopic experimental investigation
This phase involved an investigation of gas-oil repressurisation by means of long core experiments assisted by pore-scale network simulation (used to guide the best choice of experimental parameters -mostly the rates and pressure end points for primary depletion/repressurisation cycles).
The long core laboratory experiment
Following the micromodel experiments, a laboratory study on a long core (90cm) was carried out consisting of a reservoir rate depletion (1.45psi/day) followed by a series of reservoir rate repressurisation/depletion cycles. The details of the rock/fluid system, experimental rig and depletion procedure are the same as in Bayon et al. (2002) . The repressurisation was achieved by injecting live oil at equilibrium at the bottom of the vertically oriented core. The objective of this study was to carry out a macroscopic test on a realistic porous medium (Berea core with K=600mD) that could assess the validity of the microscopic observations derived from the micromodel experiments, in particular whether additional recovery could be obtained via a second depressurization following repressurisation.
Two phases of repressurization were carried out: in the first the system was pressurized continuously from 145psi to 171psi and then depleted down to 113psi at 1.45psi/day. In the second, a series of short repressurisations of 4.3psi were alternated with depletion periods of 7.2psi at 1.45psi/day (Figure 2(a) ). It was concluded that, after subtracting for the injected oil, additional oil production (Figure 2(b), green curve) was achieved with the second depressurization. It was assumed at this stage that the mechanisms behind this increase in recovery were the same (or indeed very similar) to those visualized via earlier micromodel observations. An interpretation with a conventional reservoir simulator (history match) was also carried out: it was found that the increase in oil production observed experimentally after repressurisation was consistently underestimated by the reservoir simulator, possibly because of the lack of repressurisation physics in the model.
Pore-scale network modeling of repressurisation
The following motivations drove the choice of pore scale network simulation to assist (and later extend) the experimental program:
• Build a numerical tool that could model repressurisation on the basis of pore-scale arguments.
• Achieve better understanding of the physics behind repressurisation in porous media via numerical simulation, since it was thought (from micromodel observations) that the corresponding pore level physics might not be well reproduced via Darcy based numerical simulation (reservoir simulators).
• Utilize the tool to carry out an extensive numerical study to provide extrapolations and predictions for a number of situations of interest.
With these objectives in mind, a previously published 3-phase pore network model for depressurization (McDougall and Sorbie, 1999; Bondino et al., 2005) was extended in order to simulate repressurisation. Here, the porous medium is modelled using a three dimensional cubic network of interconnected pore elements. Pore size distributions aimed at reconstructing different porous media were implemented by random assignment of capillary radii and an internally-seeded invasion percolation approach was adopted for the displacement of oil filled pores by evolved gas. To model repressurisation, the direction of pressure variation in the simulator was reversed so that after a repressurisation step from P 2 to P 1 (P 2 <P 1 ) the new equilibrium R s of the oil would be higher than the previous value. In this way, the concentration gradients (which during depletion slope from the surrounding oil towards the gas bubbles) gradually change direction as the system attempts to approach a new equilibrium and gas mass is transferred from the bubble back to the host oil. At this point the bubble shrinks and oil reimbibes into the vacated pores. The details of the new pore network model for repressurisation are to be presented in a forthcoming publication. 
Preliminary results from pore scale network modeling
As mentioned above, a preliminary network modeling study was conduced as the reservoir rate depletion experiment was coming to an end to give practical indications and possibly guide the selection of experimental parameters for the planned forthcoming repressurisation/depressurization cycles. The objectives of this phase were to answer the following questions:
1. What is the smallest degree of repressurisation that would result in breakage of gas bubbles? 2. Under which conditions is there a break in production trend when comparing the recovery from a full cycle 1 st depressurization/repressurisation/2 nd depressurization with the behavior of a single depressurization at the same p/p b ?
The first question was of particular importance with regard to the oil imbibition algorithm to be considered in a network model based on a regular lattice of circular capillary elements (which makes no distinction between pore bodies and pore throats). The algorithm implemented allows oil to reimbibe sequentially starting from the gas-filled pore with the highest capillary entry pressure. More often than not, this leads to reimbibition occurring preferentially (though not exclusively) at gas-filled sites around the perimeter of a larger gas structure. Both pistonlike and snap-off imbibition mechanisms are included. This framework was considered to well reproduce the oil imbibition dynamics observed in the micromodel. A set of quantitative and qualitative observations can be summarized as:
• Whether bubbles break up or not, the process of repressurisation is highly hysteretic: the structure of the gas bubble at a given pressure during a repressurisation is very rarely the same as that of the same gas bubble during the previous depressurisation.
• Due to the dendritic shape of gas structures in porous media, the first bubble break up event could take place very early during repressurisation.
• The number of distinct bubbles created via repressurisation (following break up) reaches a maximum at some stage, before decreasing as the system is brought back to bubble point. The pressure at which such a maximum is achieved would be the ideal moment to start the second depressurization.
• The final gas saturation (equivalent to oil recovery in the pore network simulations) for a secondary depletion following repressurisation depends on the initial and final pressures of the repressurisation step, in other words from the size of the bubbles at the end of the first depletion and from the relative increase in bubble numbers achieved via repressurisation.
• If the depletion rate (primary depletion) is very fast, a large supersaturation can be achieved: by pressurizing the system in such conditions, gas bubbles would not immediately shrink. They would still continue to grow for some time before eventually starting to shrink -time is required for diffusion to reverse gradients of dissolved gas concentration in oil filled regions far from the gas phase.
Results from an extensive pore network modeling study An extensive pore-scale network simulation study was carried out, after the core experimental results were known, in order to understand the consequences on recovery of pressurization/depressurization cycles in a variety of experimental/rock/fluid situations. In this way a full exploration of the benefits of repressurisation for oil recovery was carried out in a limited timeframe, avoiding the large expense that a full experimental program would have entailed. Some of the key results on 2D networks are reported below; 3D simulations were also performed which qualitatively confirmed all 2D results but are not shown here for the sake of brevity.
Basic features of repressurisation in porous media
The first numerical assessments focused upon system repressurisation once a pre-determined pressure had been reached. Simulation parameters are listed in Table 1 : repressurisation began at P=314psi after a single bubble was nucleated at a reference pressure, chosen here to be equal to the bubble point pressure P=754psi. From P=754psi to P=314psi the single bubble grows by volume expansion and diffusion (Figure 3 from (a) to (d)) ; the starting pressure for repressurisation (P=314psi) was chosen as optimal for observing subsequent bubble break up without encountering end-effects associated with excessive gas build up at the boundaries of the network. Rates of depressurization and repressurisation are identical: 10psi/day.
The full development of the evolving gas phase during primary depletion and its subsequent break up during repressurisation is shown in Figure 3 . It can be seen that the single bubble is positioned (nucleated) at the centre of the network and continues to expand, producing a gas saturation Sg=0.25 at P=314psi (Figure 3(d) ). Repressurisation of the system at 10psi/day (Figure 3 from (e) to (f)), however, is not simply the reverse of primary depletion at 10psi/day. The developed gas phase does not simply retract from the latest pores invaded during depressurisation -the process exhibits a large degree of hysteresis. This is evident when comparing gas distributions at equivalent pressures during each part of the cycle. At all pressures, a higher gas saturation resides within the network during repressurisation when compared with that existing during the primary depletion. Most crucial of all, a highly dispersed gas phase persists once the original bubble point of the oil has been reached at the end of repressurisation. This has important implications for recovery during secondary depletion, as will be shown later.
To investigate the causes of hysteresis and the consequences of repressurisation on a secondary depletion, consider the plots shown in Figure 4 and Figure 5 which show the pressure dependence of gas saturation, total number of gas clusters, supersaturation (R s average-in-oil -R s eq , in Kg/m 3 ) and interfacial area. Hysteresis in gas saturation is essentially a manifestation of hysteresis in more fundamental variables in the system and perhaps the most easily explained is that associated with the number of gas clusters. During the first depletion (Dep I), it is clear that only a single gas cluster can exist -only one cluster is nucleated and this single cluster simply expands in response to increased mass transfer of gas across the gas-oil interface and reducing external (oil) pressure. Supersaturation (see Dep I in Fig. 5(a) ) increases and then begins to fall, as expected for a system that tends to requilibrate itself via diffusion. Now, the process of depressurisation is a seeded invasion percolation process, with gas filling the lowest capillary entry pressure pores connected to the evolving gas cluster (i.e. accessibility plays a role during depletion). During repressurisation, however, oil initially reimbibes into gas filled pores characterised by the highest capillary entry pressures and accessibility is less of an issue. So, the reimbibition process is not simply the reverse of the growth process, just as two-phase imbibition is not the reverse of two-phase drainage. Reimbibition acts to fragment the gas structure, leading to an increase in the number of gas clusters as pressure increases (Figure 4(b) ). These evolving cluster fragments are now the new gas sources during repressurisation and the diffusive drive towards equilibrium is now governed by the efficacy of these fragments in supplying gas to the enveloping oil phase.
The fragmentation process means that, at any given pressure, the interfacial area between oil and gas is greater during repressurisation than during depletion ( Figure 5(b) ) and it may be expected that this would help restore equilibrium relatively quickly. During the early stages of repressurisation, dissolved gas continues to diffuse into the free gas phase (due to the fact that the oil continues to be locally supersaturated) and this does apparently help to bring the system closer to equilibrium. As repressurisation continues, the average supersaturation continues to decrease -however, zero supersaturation is not approached asymptotically. In fact, this suggests that it is not sensible to make an equivalence between zero average supersaturation and system equilibrium. For the base case presented here, the system never achieves a steady-state condition, as evidenced by the way in which supersaturation switches from being positive to negative within the space of a single pressure step.
Continued repressurisation beyond P=550psia is characterised by negative supersaturation (i.e. undersaturation), as the shrinking gas bubbles become unable to act as effective sources for diffusion to compete with the 10psi/day repressurisation rate.
As an aside, it is worth noting that the way in which supersaturation varies during continuous repressurisation depends upon a number of parameters, including: the rate of mass transfer via diffusion from the bubbles into the oil, the repressurisation rate, and the rate at which the primary depletion was carried out. It is this last parameter that dictates how far the system is away from equilibrium prior to repressurisation and there appears to be little way of predicting subsequent behaviour without recourse to simulation. This is a vitally important point: the behaviour of the system during repressurisation depends crucially upon the pressure history of the system during the earlier depletion.
Having discussed the hysteresis behavior between primary depletion (Dep I) and repressurisation, it has to be expected that this must impact upon the secondary depletion behaviour (Dep II) that follows. At the beginning of secondary depletion, there is evidently a higher bubble density compared with the single bubble nucleated at the start of primary depletion ( Figure  4(b) ). As pressure declines once more, these bubbles begin to coalesce; moreover, gradients in dissolved gas concentration are still sloping away from some gas structures during the early stages of secondary depletion and a little time is required for diffusion to reverse this trend. The fragmentation seen during repressurisation, which served to increase interfacial area, is partially reversed once pressure decreases again (nearby disconnected clusters are reconnected) and this, coupled with the lag in concentration gradients, leads to hysteresis in interfacial area between repressurisation and secondary depletion (Dep II). Consequently, mass transport of gas into the bubbles also exhibits hysteresis and this explains the observation that gas saturation during secondary depletion (Dep II) is lower than that observed at an equivalent pressure during repressurisation (Figure 4(a) ). However, the most important aspect of the simulation cycle is the fact that recovery during secondary depletion (Dep II) is higher that that achieved during primary depletion (Dep I) over the full pressure range of the cycle. Figure 6 shows that the difference in recovery over the range 754psia to 314psia varies from around 2% to 10%, depending upon the pressure. 
Extrapolation to low repressurisation rate (1 psi/day)
The low repressurisation rate simulation is summarised in Figure 7 and 8: depressurization rates for primary and secondary depletion remain 10psi/day but the repressurisation is conducted at 1 psi/day. In this case, the repressurisation rate is so low that diffusion gradients are still sloping towards the gas bubble and the bubble still grows at the beginning of repressurisation (Figure 7(a) ): 20 days of repressurisation time are required before the bubble starts shrinking. The gas cluster in the network at the end of primary depletion breaks up dramatically during repressurisation reaching a maximum of daughter bubbles in Figure 7 (b). The low repressurisation rate, however, means that diffusion has sufficient time to eventually remove most of these bubbles, which go back into solution. At the end of repressurisation, only three bubbles remain.
Supersaturation (Figure 8(a) ) is seen to decline asymptotically towards zero and then the oil becomes gradually more undersaturated. Eventually almost all gas goes back into solution (i.e. gas saturation → 0 at the end of repressurisation). Although small concentration gradients persist at the end of repressurisation, secondary depletion is almost a repeat of the primary depletion, as low rate repressurisation brings the system close to equilibrium before the third stage of the cycle. Very little hysteresis in interfacial area (Figure 8(b) ) and gas saturation between primary (Dep I) and secondary (Dep II) depletion are observed: consequently, for this parameter set, little additional recovery should be expected when a low repressurisation rate is used. Figure 3(a) ). Evolution of supersaturation (average Rs in oil phase at P minus equilibrium Rs) v P in (a) and gas-oil interfacial area vs P in (b). Repressurisation rate is 1psi/day, 10 times lower than depletion rates.
Conclusions
A study was presented to investigate repressurisation of gas-oil systems in porous media which combined laboratory investigations both at core and microscopic scales (using etched glass micromodels), together with pore-scale network simulation. All our experimental investigations have demonstrated that repressurisation can help increase recovery in gas-oil systems when followed by a secondary depletion.
Micromodels permitted the direct visualization of the pore scale phenomena, namely a great increase in the population of individual bubbles during repressurisation, hinting that a secondary depletion following repressurisation would increase recovery (delayed gas breakthrough): had we only used core experimentation, it would not have been possible to understand the implications of pore-scale physics to the results.
A pore scale network simulator used previously for depletion studies was enhanced to model repressurisation and entire cycles of primary depletion, repressurisation and secondary depletion. The network model was utilized in a first phase to guide the choice of the experimental parameters for core repressurisation (rates of pressure decrease/increase, pressure end point for primary depletion and repressurisation) and to give further indications to experimentalists on the expected behavior of the core system. 
Rep
A detailed pore-scale network modeling study was subsequently carried out to understand the consequences on recovery of pressurization/depressurization cycles in a variety of experimental/rock/fluid situations (only a few examples of which have been shown in this paper). The major conclusion is the confirmation that the repressurisation of an unequilibrated system essentially generates a high bubble density prior to secondary depletion and it is this phenomenon that leads to improved recovery during the secondary process. The key to this is the generation of large numbers of individual bubbles within a reasonable timeframe -in effect, accelerating production by means of bringing the system closer to equilibrium in an efficient manner. The pore-scale model utilized in this work can be used to identify conditions under which this could be optimized and help guide future laboratory experiments in this area by suggesting novel depletion/repressurisation strategies that could be used to improve recovery more efficiently.
In detail, the pore scale simulation study led to the following conclusions: i. Repressurisation is not simply the reverse of primary depletion even if all conditions (mainly depressurization/repressurisation rates) are the same. The developed gas phase does not simply retract from the latest pores invaded during depressurisation -the process exhibits a large degree of hysteresis. ii.
At all pressures, a higher gas saturation was found to reside within the network during repressurisation when compared with that existing during the primary depletion. Most crucial of all, a highly dispersed gas phase could persist once the original bubble point of the oil has been reached at the end of repressurisation. iii.
Simulations suggested that it is not sensible to make an equivalence between zero average supersaturation and system equilibrium. iv.
The way in which supersaturation varies during continuous repressurisation depends upon a number of parameters, including: the rate of mass transfer via diffusion from the bubbles into the oil, the repressurisation rate, and the rate at which the primary depletion was carried out. It is this last parameter that dictates how far the system is away from equilibrium prior to repressurisation and there appears to be little way of predicting subsequent behaviour without recourse to simulation. v.
In the case where a higher rate depletion was followed by a lower rate repressurisation, a prolonged period of gas growth was observed during the repressurisation phase -the supersaturation was so high, that concentration gradients were still sufficiently steep to drive dissolved gas into bubbles via diffusion. vi.
Recovery during secondary depletion was found to be higher if the right combination of depressurization/repressurisation rates was adopted. If a lower repressurisation rate was used diffusion has sufficient time to remove most of the bubbles when the system returns to bubble point pressure: consequently, secondary depletion is almost a repeat of primary depletion in this case.
